A sensitive electron-capture gas-liquid-chromatographic method for the determination of sub-nanogram quantities of prostaglandin F2<, was developed. The method is based on the sub-microgram scale conversion of the prostaglandin into the electron-capturing pentafluorobenzyl ester, and analysis of the latter as the tris-trimethylsilyl ether. The lower limit of detection was 12.5pg of the ester injected 'on-column' as the silylated product.
A sensitive electron-capture gas-liquid-chromatographic method for the determination of sub-nanogram quantities of prostaglandin F2<, was developed. The method is based on the sub-microgram scale conversion of the prostaglandin into the electron-capturing pentafluorobenzyl ester, and analysis of the latter as the tris-trimethylsilyl ether. The lower limit of detection was 12.5pg of the ester injected 'on-column' as the silylated product.
The method was successfully applied to the determination ofprostaglandin F2. in monkey plasma. The specificity of the analytical procedure was increased by incorporating a thin-layer chromatographic fractionation before gas-liquid chromatography. The utility of the analytical methodology developed was demonstrated by its application to the determination of plasma concentrations of intact prostaglandin F2C in a Rhesus monkey, after subcutaneous administration of a single dose of prostaglandin F2<,:. The electron-capture gas-liquid-chromatographic assay is compared with the radioimmunoassay and the gas-liquid-chromatographic-mass-spectrometry assay for the determination of prostaglandin F2,.
The biological significance of the prostaglandins and the current interest in them is well documented (Ramwell & Shaw, 1971; Karim, 1971; Hinman, 1970; Moghissi, 1972) . Simplified analytical methods of high sensitivity and high specificity for the measurement of prostaglandins in biological fluids (e.g. plasma) are necessary to study their metabolic fate, physiological roles and mechanisms of action. Several methods have been considered for the determination of prostaglandins, among which are those based on biological responses (Horton, 1972; Horton & Jones, 1969; Vane, 1969) , enzymic assay (Anggard et al., 1969), u.v. and fluorescence spectroscopy (Gantt et al., 1968; Shaw & Ramwell, 1969; Takeguchi et al., 1971) , radioimmunoassay (Caldwell et al., 1971; Cornette et al., 1972; Jaffe et al., 1971 ; Levine & Van Vunakis, 1970; Cernosek et al., 1972; Jubiz &Frailey, 1971) , high-pressure liquid chromatography (Morozowich, 1972) and g.l.c. utilizing flame ionization detection (Albro & Fishbein, 1969; Ramwell et al., 1968; Bygdeman & Samuelsson, 1964) . Most ofthese methods lack adequate sensitivity and/or specificity. G.l.c. methods utilizing massspectrometric detection (Samuelsson et al., 1970; Axen et al., 1972; Baczynskyj et al., 1973;  Oates, 1972; Green et a., 1973) , as well as electron-capture detection (Jouvenaz et al., 1970; Van Dorp, 1971 ; Levitt & Josimovich, 1971; Levitt et al., 1972) , which have been developed more recently, afford high sensitivity and also a high degree of specificity when combined with a preliminary t.l.c. separation. In terms of * To whom correspondence should be directed. Vol. 141 general utility, the elegant g.l.c.-mass-spectrometric method has the disadvantage that it requires expensive and usually unavailable instrumentation, as well as the synthesis of the isotopically labelled (deuterated) prostaglandins for use as internal standards and carriers. Similarly, those reported electron-capture methods that are based on the inherent electron-capturing properties of the PGtB compounds (Jouvenaz et al., 1970; Van Dorp, 1971; Sweetman et al., 1973) , are limited to the measurement of PGB-type compounds or to prostaglandins that can be readily converted into PGB types (e.g. the A and E prostaglandins).
Electron-capturing derivatives of the hydroxyl groups (Van Dorp, 1971; Levitt & Josimovich, 1971; Levitt et al., 1972) of the prostaglandins reported thus far have found limited applicability. The heptafluorobutyrate derivatives in particular have been found to be unsuitable for g.l.c., because of their thermal instability (Levitt et al., 1972) . Multiple peak formation has been observed on g.l.c. at temperatures over 1900C, probably owing to loss of a heptafluorobutyrate group from the allylic C-15 position of the prostaglandin. Recently the F prostaglandins have been analysed by electron-capture g.l.c. of their bromo-silylated methyl ester derivatives (Jouvenaz et al., 1973) Plasma specimensfrom the PGF25-treated monkeys. Portions (1 ml) of the plasma samples taken at each Vol. 141 time-interval were placed in 15ml centrifuge tubes and processed along with the other standards.
Extraction. The non-radioactive plasma standards, the radioactive plasma standards and the plasma specimens from the PGF2a-treated monkeys were extracted as follows. Each sample of plasma (lml) was mixed with 1 vol. of 0.9 % NaCl solution (1 ml), 2vol. of ethanol (2ml), and extracted with light petroleum (b.p. 40-660C; 2x8ml) to remove neutral lipids and non-polar fatty acids. The aqueous phase was adjusted to pH3.3 with formic acid (3%, v/v) and extracted with chloroform (Burdick and Jackson Labs. Inc., Muskegon, Mich., U.S.A.) (3 x 5ml). The combined chloroform extracts were concentrated under a stream of N2. The concentrate was repeatedly diluted with chloroform and evaporated to aid the removal of formic acid. The extract was finally blown down to dryness under N2. The recoveries of PGF2a extracted from monkey plasma (determined on the basis of the recovery of the added [9/i-3H]-PGF2. radioactivity) are summarized in Table 1 .
The plasma extract residues were subjected to t.l.c. as described below.
T.l.c. of the monkey plasma extracts. T.l.c. was carried out on precoated silica gel F-254 plates of 250pcm thickness (supplied by Analtech Inc., Wilmington, Del., U.S.A. or by Merck, Brinkmann Instruments, Westbury, N.Y., U.S.A.), in a solvent system of chloroform-methanol-acetic acid (8:1:1, by vol.). Each t.l.c. plate was scored into lanes (each lane approx. 1.5cm wide). Reference spots of authentic PGF2. were used on marker lanes. The PGF2< zones were located by exposure of the marker lanes to iodine vapour (by carefully touching the surfaces of the marker lanes with a few crystals of iodine wrapped in tissue paper). The PGF2. zones were scraped out separately and the silica gel was extracted with methanol (3 x 1.5ml). The extracts were evaporated to dryness under N2. Diethyl ether (Mallinckrodt Chemical Works, St. Louis, Mo., U.S.A.) (1 ml) and 0.025M-HC1 (0.5ml) were added to each residue and extracted. The aqueous phase was extracted twice more with ether (1 ml portions). To the combined ether extracts, a solution ofNH3 (58 %, w/v; analytical reagent supplied by Mallinckrodt Chemical Works) (5,l) was added, and mixed thoroughly by using a Vortex mixer. The extract was then blown down to dryness. Each residue was converted into the pentafluorobenzyl ester as described below.
Conversion of sub-microgram quantities of PGF2. recovered into the pentafluorobenzyl ester (Ila) The PGF2. residue was treated with a solution of pentafluorobenzyl bromide (0.022mmol) in acetonitrile (10,ul) and a solution of di-isopropylethylamine (0.007mmol) in acetonitrile (10,pl). The reaction mixture was heated at 40°C for Smin, and then 80/100 mesh Gas-Chrom Q were used. High-purity N2 was used as the carrier gas at a flow rate of 40ml/min. The column oven was operated isothermally at 255°C; the flash heater at 275°C and the detector at 275C.
Samples of 1#1 size were analysed. Under these conditions, the tris-trimethylsilyl ether of PGF2. pentafluorobenzyl ester (IIb) and the internal standard (IIIc) had retention times of 8.9min and 16min respectively.
Calculations. Peak-height ratios were calculated by dividing the height ofthe peak ofthe tris-trimethylsilyl PGF2. pentafluorobenzyl ester (lIb) by the height of the peak of the internal standard (IIIc). Standard curves were constructed by plotting the concentration of PGF2a against the peak-height ratios. Typical standard curves for the recovery of PGF2, from monkey plasma are presented (Fig. 1) (Horton, 1972; Shaw & Ramwell, 1969 were recovered in 91.2% average yield.
Purification ofprostaglandin F2a
The crude extract containing the prostaglandin requires further purification and fractionation, before any quantitative g.l.c. determination can be made. Preliminary attempts to analyse the crude plasma extract by electron-capture g.l.c. after pentafluorobenzyl esterification and silylation (see below for details), without a t.l.c. purification, proved to be unsatisfactory. Although there was no interfering peak corresponding to the retention time of the tristrimethylsilyl PGF2. pentafluorobenzyl ester (Ilb) in the chromatogram, diffuse g.l.c. peaks were observed up to 100min after sample injection. Chromatography on silicic acid (Samuelsson, 1963) , Sephadex LH-20 (Anggard, 1971) , reverse-phase partition chromatography (Norman & Sjovall, 1958) and t.l.c. (Green & Samuelssop, 1964; Andersen, 1969) have all been used for the purification and separation ofprostaglandins. TIhe crude prostaglandin extract (described above) was purified and fractionated by t.l.c. on silica gel. Several solvent systems were examined for the t.l.c. purification and fractionation of the prostaglandins isolated by the extraction procedure (described above). Among them were:
(1) ethyl acetate-acetic acid-2,2,4-trimethylpentanewater (9:2:5:10, by vol.) (organic phase), (2) ethyl acetate-methanol-water (8:2:5, by vol.) (organic phase), (3) ethyl acetate-acetic acid-methanol-2,2,4-trimethylpentane-water (11:3: 3.5:1:10, by vol.) (organic phase) and (4) The success of an electron-capture g.l.c. method for the determination of sub-microgram quantities of prostaglandins depends to a large extent on the ready conversion into a thermally stable derivative of high volatility and significant electron-capture properties. The sub-microgram scale reaction has to be quantitatively consistent and easy to carry out. A difficulty frequently encountered in such derivative formations is the incidence of high backgrounds on electron-capture analysis, which may usually be attributed to traces of excess of reagents responding to detection, by-products, or impurities included during the processing. Purification procedures that may be required to eliminate such traces of interfering contaminants are usually elaborate and timeconsuming, thus rendering the method impractical * for use for assay purposes.
Methods for the preparation of pentafluorobenzyl esters of carboxylic acids have been reported by Kawahara (1968) and Ehrsson (1971) . These procedures, however, are either slow and hence impractical for use in assays, or they lack general applicability. The pentafluorobenzyl ester of PGF2a was prepared by the reaction of PGF2a with pentafluorobenzyl bromide and NN-di-isopropylethylamine {[(CH3)2CHL2NC2H5} in acetonitrile, at room temperature. The synthetic methods, characterization of the ester and demonstration of its suitability for electron-capture g.l.c. were described by Wickramasinghe et al. (1973) . A picogram or nanogram quantity of PGF2z, recovered from a plasma specimen was converted into the pentafluorobenzyl ester and the latter was converted into the tris-trimethylsilyl ether (Ilb) (see the Experimental section for details). Hydrolysis of the trimethylsilyl groups was prevented, and maximum consistency of sample response was achieved, by injecting the analytical samples directly in the NO-bis-(trimethylsilyl)acetamide. Although conversion of the PGF2a ester (IIa) into a bromomethyldimethylsilyl ether of enhanced electron-capture response is feasible, the excess of halogen-containing silylating reagent would have to be completely eliminated, since even traces may cause 'swamping' of the electron-capture detector (or high backgrounds). Attempts to remove rigorously all traces of the excess of halogen-containing reagent before dissolving in a dry solvent (e.g. ether) invariably results in partial hydrolysis of the trimethylsilyl groups of the sub-microgram sample, and a consequent loss in sample response. In an attempt to select a suitable internal standard for g.l.c. several prostaglandin analogues were converted into their pentafluorobenzyl esters on a micro-scale, and the g.l.c. properties of the tris-trimethylsilyl ethers of these esters were examined. Among those investigated the tris-trimethylsilyl pentafluorobenzyl ester of compound (IlIa) Fig. 1 ). The recovery of PGF2. was determined by comparison with a plot of the electron-capture g.l.c. response of identical standards that were not added to plasma, but were converted directly and analysed under the same conditions (see Fig. 1 ). The recovery of added PGF2. in monkey plasma was satisfactory, as shown in Fig. 1 and Tables 1 and 2. The lower limit of detection sensitivity for added PGF2. in monkey plasma was 0.2ng/ml. This represents the smallest quantity of PGF2. present in 1 ml of plasma which could be extracted, purified and analysed by electron-capture g.l.c. Fig. 2 . A maximum plasma concentration of the exogenous PGF2a and related metabolites (2.280,ug of PGF2. equivalents/ml of plasma) was reached rapidly 15min after drug administration. The half-time disappearance of radioactivity in monkey plasma, estimated by semi-log plot, was 54min. The plasma concentrations of intact PGF2a (as determined by the electroncapture g.l.c. assay) are tabulated in Table 3 . A maximum plasma intact PGF2. concentration of 0.736pg/ml was reached at l5min after PGF2.
administration. The half-time of disappearance of intact PGF2g-in monkey plasma was graphically estimated to be 14min. The differences between the total prostaglandin content in plasma (determined by measurement of radioactivity) and the concentrations of intact PGF2. (determined by electron-capture g.l.c. assay) were attributed to the metabolites of PGF2<,. The peak plasma concentration of the metabolites of PGF2a. which was 1.949pcg of PGF2. equivalents/ml, was reached at 30min after PGF2a administration (see Fig. 2 ).
Comparison of the electron-capture g.l.c. assay with the radioimnMnoassay and the g.l.c.-mass spectrometric assay
It was considered desirable to compare the results of the electron-capture g.l.c. assay with those of the radioimmunoassay (Cornette et al., 1972) and the g.l.c.-mass spectrometric assay (Axen et al., 1972) . Differences in technique (i.e. methods of storage and extraction of the platelet-containing monkey plasma) are known to cause discrepancies in the actual amount of PGF2,, present in the samples, owing to biosynthesis and/or release of the prostaglandins from the platelets. Hence, for this experiment, monkey plasma was freed of platelets by centrifugation. To portions of the almost completely platelet-free monkey plasma known amounts of PGF2. were added. Each portion was divided into three parts and analysed by the three methods. The results are summarized in Table 4 .
The electron-capture g.l.c. method developed may be extended to the measurement of PGF2. in other matrices or body fluids (e.g. urine), as well as to metabolites of PGFu (15-oxo-PGF, and 13,14-dihydro-15-oxo-PGF2. etc.) and other prostaglandins.
